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Abstract. We examined the inﬂuence of the North Atlantic
Oscillation (NAO) on the atmospheric dispersion of pollu-
tion by computing the emission, transport and removal of
idealized insoluble gaseous and water-soluble aerosol trac-
ers, tagged by the continent of origin. We simulated a period
of 50yr (1960–2010), using the ECHAM5/MESSy1 atmo-
spheric chemistry (EMAC) general circulation model. The
model accounts for anthropogenic, biogenic and biomass
burning sources, removal of trace gases through OH oxi-
dation, and precipitation, sedimentation and deposition of
aerosols. The model is shown to reproduce the observed spa-
tial features of the NAO, moisture transports and precipita-
tion. During high NAO phase seasons the axis of maximum
westerly North American trace gas transports extends rela-
tively far to the north and east over Europe. The NAO phase
is signiﬁcantly correlated with North American insoluble gas
and soluble aerosol tracer concentrations over the northwest-
ern Atlantic Ocean and across northern Europe, and with Eu-
ropean trace gases and aerosols over Africa and north of the
Arctic circle. We ﬁnd a strong anti-correlation between the
phase of the NAO and European pollutant gas concentration
over western and central Europe.
1 Introduction
The North Atlantic Oscillation (NAO) is a major recurring
large-scale pattern of interannual variability in the atmo-
spheric circulation of the Northern Hemisphere. The NAO
is manifested by swings in the meridional atmospheric pres-
sure difference between the sub-polar and sub-tropical At-
lantic Ocean, most prominently during boreal winter, and
is associated with changes in the mean wind speed and di-
rection (Hurrell et al., 2003). In periods of higher than av-
erage pressure difference (positive NAO phase), when both
the tropical high and polar low pressure features are rel-
atively stronger, the north-south gradient produces an en-
hanced zonal (west to east) ﬂow. When both the tropical high
and polar low pressure features are relatively weak (nega-
tive NAO phase), the synoptic scale ﬂow has a reduced zonal
component. Thus, inﬂuences on the interannual variability
of hemispheric-scale pollution transport pathways related to
the NAO are expected.
The study of the NAO impact on pollution transport is fur-
ther motivated by results from several previous relevant anal-
yses. Moulin et al. (1997) report the modulation of African
dust transport by the NAO and suggest that it is likely that
the NAO also affects the distribution of other aerosols. Den-
tener et al. (2010) reference a number of studies indicating
the potential impact of the NAO on pollution transport. Li
et al. (2002) imply that the NAO can be used to forecast
transatlantictransportofNorthAmericanpollutiontoEurope
based on a 5yr simulation of tropospheric chemistry eval-
uating North Atlantic coastal station measurements. They
ﬁnd that the strength of the prevailing westerlies favors trans-
port close to the surface. Creilson et al. (2003) also ﬁnd that
the NAO aids the transport of anthropogenic pollution from
North America to Europe by inﬂuencing the westerly winds
across the North Atlantic. Eckhardt et al. (2003) have stud-
ied the control that the NAO exerts over pathways of pol-
lution transport towards the Arctic simulating ﬁxed lifetime
passive tracers over 15yr and found that there is a strong re-
lationbetweentheNAOandsurfaceconcentrationsofcarbon
monoxide (CO) in the Arctic, most pronounced during win-
ter and spring. They also note that European pollution can
build-up in the Arctic, with faster poleward transport during
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the positive phase of the NAO. In the present paper we study
the emission and transport of tagged idealised tracers, with
the characteristics of carbon monoxide (CO) and aerosols in
the atmosphere, simulated over a 50yr period to include sev-
eral positive and negative NAO phases in order to deduce
robust patterns, using the ECHAM5/MESSy1 Atmospheric
Chemistry (EMAC) climate model.
CO is a sensitive tracer for long-range transport of pol-
lution as it is directly emitted by combustion sources and
has a lifetime of 1–3 months in the atmosphere. Anthro-
pogenic CO emissions are distributed similarly to those of
many gaseous and particulate anthropogenic pollutants. To
obtain a realistic description of tracer lifetime and abundance
in the atmosphere we include a removal mechanism through
oxidation by the hydroxyl (OH) radical, the main oxidant
controlling the oxidizing capacity of the atmosphere. The
OH radical is highly reactive and oxidises CO to form car-
bon dioxide CO2.
Aerosols are a major component of atmospheric pollution
and have important effects on human health (Huntingford
et al., 2007), the environment and hydrological cycle (Ra-
manathan et al., 2001) and climate (Isaksen et al., 2009). To
study the impact of the NAO on tropospheric aerosol pol-
lution we simulated the emissions and transport of idealised
water-solubleaerosols. Todecouplefromtheeffectsofinitial
distributions and allow for the direct comparison of the NAO
effects on aerosol transport with those on trace gases, and to
highlight differences in removal mechanisms, identical emis-
sion patterns are used for gases and aerosols. Aerosols in the
presentmodelsetuparenotchemicallyactivebutareaffected
by sedimentation and dry and wet deposition processes and
are predominantly removed from the atmosphere by precipi-
tation.
We brieﬂy describe the model in Sect. 2, including
the emissions of tagged tracers and removal mechanisms
(Sect. 2.1). The simulation of the spatial structure and tem-
poral evolution of the NAO is presented in Sect. 2.2. Sea-
sonal averages for simulated ﬁelds are presented throughout
the paper. The analysis of our results regarding the inﬂuence
of the NAO on the intercontinental transport of tracer gases
and aerosols is discussed in Sect. 3. The summary and con-
clusions are given in Sect. 4.
2 Model simulation
The EMAC model is a numerical chemistry and climate sim-
ulation system that includes sub-models describing tropo-
spheric and middle atmosphere processes and their interac-
tion with oceans, land and human inﬂuences (J¨ ockel et al.,
2005). It uses the ﬁrst version of the Modular Earth Sub-
model System (MESSy1) to link multi-institutional com-
puter codes. The core atmospheric model is the 5th gener-
ation European Centre Hamburg general circulation model
(ECHAM5, Roeckner et al., 2006).
ForthepresentstudyweappliedEMACversion1.9(based
on ECHAM5 version 5.3) on the T42L19 resolution, i.e. with
a spherical spectral truncation of T42 (corresponding to a
quadratic gaussian grid of approximately 2.8 by 2.8 degrees
in latitude and longitude) with 19 vertical hybrid pressure
levels up to 10hPa. The sea surface temperature and sea
ice distribution for AMIP II simulations (Taylor et al., 2000)
between the years 1960–2010 were used as boundary con-
ditions. The applied model setup comprised the submodels
MECCA1 (Sander et al., 2005) for tropospheric and strato-
spheric chemistry, though highly simpliﬁed, RAD4ALL for
radiation and heating processes, CLOUD for cloud cover and
micro-physics processes including precipitation, and CON-
VECT for the vertical transports of trace species associated
with convection. The DRYDEP (Kerkweg et al., 2006) and
SCAV (Tost et al., 2006, 2007) submodels are used to simu-
late aerosol dry and wet deposition processes, respectively.
Large-scale stratiform and small-scale convective precipi-
tationarethedominantmechanismsfortheremovalofwater-
soluble chemically inert aerosols in the model. Our simula-
tion is shown to reproduce the basic features of the average
distribution of precipitation observed by Adler et al. (2003,
Global Precipitation Climatology Project (GPCP)) in the re-
gion of interest between 1979–2004 in Fig. 1. In the do-
main 20◦–80◦ N and 90◦ W–40◦ E, average precipitation in
excess of 10cmmonth−1 follows a southwest to northeast
pattern over the Atlantic Ocean with maximum values of the
order of 15–20cmmonth−1 occurring off the eastern coast
of the United States. Finer scale features over the south-
eastern United States and the western Scandinavian coast are
also reproduced. The model overestimates precipitation over
some parts of southern Europe close to the Mediterranean
Sea though with an extent and magnitude that is expected to
have limited inﬂuence on the results.
2.1 Emissions
The emission scheme of Pozzer et al. (2012) was adapted
for the purposes of this study. Anthropogenic fossil fuel and
biofuel CO emissions were simulated based on the global
inventory prepared in the framework of the CIRCE project
by the Emission Database for Global Atmospheric Research
(EDGAR) of the EC-Joint Research Center Ispra, Climate
Change Unit (Doering et al., 2009a,b). Emissions by inter-
national aviation were calculated using a technology based
emission factor approach (Eyers et al., 2004). Production
of CO from international shipping is based on the QUAN-
TIFY project (Hoor et al., 2009). The vertical distribution
of anthropogenic emissions, is based on experience from the
European Monitoring and Evaluation Programme (EMEP)
model (Simpson et al., 2003), and is described in Pozzer
et al. (2009). Biogenic emissions have been compiled fol-
lowing Guenther et al. (1995) and are prescribed ofﬂine in
the model. The contribution to emissions by biomass burning
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Fig. 1. Observed (Adler et al., 2003, Global Precipitation Climatology Project (GPCP)) (left) and modeled (right) average precipitation (in
cmmonth−1) between 1979–2004.
Fig. 2. Depiction of the regions used for the computation of emis-
sions.
was included using the Global Fire Emissions Database
(GFED version 3, van der Werf et al., 2010).
Weusethebaseyear2005withamonthlytemporalresolu-
tion climatology for all emissions, except for biomass burn-
ing for which a 10yr monthly average climatology (2000–
2009) is used. The CO tracer is tagged by the regions of
emission, i.e. from North America and Europe (see Fig. 2).
Emissions from eastern Russia are very small and are not in-
cluded in our deﬁnition of Europe. We do not account for the
atmospheric chemical production of CO (∼ 1000Tgyr−1,
Seinfeld and Pandis, 1997).
Loss of the tagged CO tracers is computed using the
monthly atmospheric concentration of OH from the full-
chemistry simulation in Pozzer et al. (2012). CO is removed
from the atmosphere via the mechanism:
CO+OH→CO2+HO2
In the absence of a full chemistry mechanism in the model,
which would account for the recycling of OH (Lelieveld
et al., 2004), we apply the following simpliﬁcation:
CO+OH→CO2+OH
This ensures a realistic spatio-temporal representation of the
lifetime of CO in the atmosphere while preventing that OH
is depleted by the reaction with CO.
Aerosols are emitted using regional emission patterns and
concentrations identical to CO. This facilitates the direct
comparison of the effects of the NAO on the transport of
trace gas and aerosol pollutants and their removal mecha-
nisms. Water-soluble aerosols with a standard lognormal dis-
tribution of mean radius 0.5µm (σ =1.0) and a molar mass
of 96.076gmol−1 (equal to sulfate) with a Henry coefﬁcient
equal to 1.0moll−1 atm−1 and a density of 1841.0kgm−3
are used.
2.2 North Atlantic Oscillation as represented by EMAC
The EMAC model, forced by the realistic AMIP II sea sur-
face temperature and ice coverage boundary conditions, gen-
erates its own meteorology and climate variability, which
cannot be identical to the true observed variability during
the period 1960–2010. Nevertheless, the characteristics of
the generated NAO variations (spatial structure and temporal
variability) are found to be similar to observations.
There is no unique way to deﬁne the spatial structure and
temporal evolution of the NAO. We applied several common
approaches to evaluate our model. The NAO primary cen-
ters of action are identiﬁed in maps of 500hPa geopotential
height distributions as regions of maximum anti-correlation
over the North Atlantic (Fig. 3). The 500hPa height time
series at a reference point (65◦ N, 30◦ W) is correlated with
the corresponding time series at all points, revealing a north-
south dipole, with one centre over the North Atlantic close
to the Arctic and the other over the subtropical Atlantic, as
expected.
The NAO signal is not readily apparent in the empirically
determined orthogonal function (EOF) spatial pattern of the
observed Northern Hemisphere (NH) winter 500hPa height,
but rather rotated (linearly combined) EOFs (Hurrell et al.,
2003) have to be used. However, the NAO signal is apparent
in the EOF spatial pattern at surface level. The spatial pat-
tern reﬂected in the leading EOF of the North Atlantic sector
(20◦–80◦ N, 90◦ W–40◦ E) seasonal (3-month average) sea
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Fig. 3. One-point correlation map of model 500hPa geopoten-
tial height for boreal winter (December-February) over the period
1960–2010. The reference point is 65◦ N, 30◦ W.
level pressure (SLP) anomalies ﬁeld (Fig. 4, top) explains
38% of the total variance and compares well with the NAO
pattern observed by Hurrell (2010). In this approach, the
NAO is identiﬁed from the spatially and temporally mutu-
ally orthogonal eigenvectors of the cross-covariance matrix
of time varying values of SLP. Again, a north-south pres-
sure difference dipole over the Atlantic Ocean in the northern
hemisphere is apparent. By regressing the SLP anomalies on
the principal component time series the pattern is obtained
in terms of pressure amplitude, with maximum departure of
the ﬁeld at the centre of the poles of the order of ±3hPa, in
good agreement with the equivalent analysis of observations
by Hurrell (2010).
The normalised principal component time series of the
leading EOF is correlated to the model seasonal NAO index
(determined as the difference in normalised sea level pres-
sure between a stationary point at Ponta Delgada, Azores,
and a stationary point in Stykkish´ olmur/Reykjav´ ık, Iceland;
adapted from Hurrell, 1995) with a correlation coefﬁcient of
0.93 (Fig. 4, bottom). This result, similar to observations,
further indicates that the leading EOF captures the tempo-
ral variation also described by the NAO index and allows to
interchange the use of the pressure difference index and the
EOF time series to diagnose the temporal variation of the
pattern.
3 Results
3.1 Vertically integrated transports
The vertically integrated tracer transport vector is deﬁned as
Q=
1
g
Z pS
0
qudp
where q is the tracer mole ratio in molmol−1, u the hori-
zontal vector wind, and p is pressure; pS denotes surface
pressure and g represents gravity. This variable is analogous
Fig. 4. Top: leading empirical orthogonal function (EOF1) of the
winter(December–February)meansealevelpressure(SLP)anoma-
lies in the North Atlantic sector (20◦–80◦ N, 90◦ W–40◦ E) which
explains38%ofthetotalvariance. Thepatternisdisplayedinterms
of amplitude (hPa), obtained by regressing the SLP anomalies on
the principal component time series. Bottom: principal component
time series (red, blue) of the leading EOF plotted with the modeled
NAO index (black) based on the normalised SLP difference be-
tween Ponta Delgada, Azores, and Stykkish´ olmur/Reykjav´ ık, Ice-
land. The correlation coefﬁcient is 0.93.
to the vertically integrated moisture transport (see Fig. 5),
which was used to test our model simulation against the ob-
servations compiled by Hurrell (1995). During seasons of
low or negative NAO index moisture transport over the At-
lantic Ocean follows a westerly zonal path with maximum
vector magnitudes occurring in the western part of the do-
main, stretching across the mid-Atlantic. During seasons of
high NAO index the axis of maximum moisture transport
shifts to a more southwest-to-northeast orientation over the
Atlantic and extends farther to the northern and eastern part
of Europe.
We calculated the temporal average of Q for all winters
with high (>1) and with low or negative (<0) EOF princi-
pal component time series values. In total, 10 high and 23
low or negative EOF time series seasonal averages enter the
composites. The axis of maximum westerly North American
CO tracer transport extends much farther to the north and
east, over northwestern Europe and Scandinavia, during sea-
sonal composites with high NAO phase when compared to
seasonal composites with low or negative NAO phase. This
is indicated by vector plots of the vertically integrated total
tracer transports (Fig. 6, top). The equivalent analysis for the
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Fig. 5. Average vertically integrated moisture (in kgkg−1) transport vectors for winters with low or negative (left) and high (right) EOF time
series. Red contour lines correspond to vector magnitudes.
Fig. 6. Average vertically integrated CO tracer (in molmol−1) transport vectors with North American origin (top) and European origin
(bottom) for winters with low or negative (left) and high (right) EOF time series. Contour lines correspond to vector magnitudes.
CO tracer originating in Europe shows similar results over
the Atlantic Ocean and a relative increase in transport over
mainland Europe towards the East (Fig. 6, bottom).
3.2 NAO index – tracer concentration correlation
After identifying the principal component time variation, we
examine the relation of the NAO with tracer concentrations.
The correlation of the principal component time series with
gas and aerosol concentration anomalies has been calculated
for the model surface level and for the meridional vertical
proﬁle at 30◦ W. The results can be seen in Figs. 7 and 8
for the gaseous tracers and aerosols originating in the North
American and European regions, respectively.
The principal component time series, and hence the phase
of the NAO, is signiﬁcantly correlated to North American
CO tracer concentration anomalies over the northwestern At-
lantic Ocean, and is anti-correlated to CO tracer concentra-
tions over the tropical Atlantic Ocean (Fig. 7) close to the
surface. For soluble aerosol species originating in North
America the effect is stronger, with higher signiﬁcantly pos-
itive correlations extending much farther over the North At-
lantic across northwestern Europe. The patterns extend verti-
cally, spanning the free troposphere with strong correlations
around 60◦ N and anti-correlations at sub-tropical latitudes,
being most pronounced for the soluble aerosol species. The
anti-correlation for soluble aerosols extends to the equatorial
region across Africa.
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Fig. 7. Correlation of winter (December–February) seasonal surface concentration anomalies (top) and meridional vertical proﬁles at 30◦ W
(bottom) with the principal component of the EOF time series of SLP in the North Atlantic sector for gaseous tracers (left) and soluble
aerosols (right) emitted from North America. White dashed contour lines indicate the local 95% level of signiﬁcance.
During conditions associated with the negative NAO
phase, transport is directed more strongly to the east and
southeast as opposed to the more northeastward ﬂow un-
der positively high NAO phase. This is suggested by the
anti-correlation of the CO tracer over the western parts of
Africa. The correlation changes to positive values over the
eastern parts of Africa. This is probably related to enhanced
transport of North American CO during high NAO along an
anticyclonic path ﬁrst leading towards northern Europe and
then southwards to eastern Europe and ﬁnally onwards to
Africa. A stronger Azores High during the positive NAO
phase leads to enhanced north to south transport over Eastern
Europe. This pathway can potentially have a different effect
on the water-soluble tracer due to efﬁcient washout along this
path, leading to reduced soluble aerosol concentrations dur-
ing high NAO.
The phase of the NAO is signiﬁcantly correlated to Eu-
ropean tracer concentration anomalies at the surface over
high latitudes, within the Arctic circle, and over the Mid-
dle East, and anti-correlated over the eastern Atlantic Ocean
(Fig. 8). The anti-correlation over northern Europe for the
water-soluble aerosols may be explained by the effect of the
NAO on the spatial distribution of precipitation, the main re-
moval mechanism in the model. Swings in the NAO index
are reﬂected in the transport and convergence of atmospheric
moisture. High NAO index winters exhibit drier conditions
overmuchofcentralandsouthernEurope, theMediterranean
and parts of the Middle East, whereas more than average pre-
cipitation falls over Scandinavia and Iceland (Hurrell, 1995).
Also, during the positive NAO phase, both the Icelandic
LowandtheAzoresHigharemorepronounced. Thisleadsto
a stronger separation of the ﬂow over Europe, with enhanced
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Fig. 8. Correlation of winter (December-February) seasonal surface concentration anomalies (top) and meridional vertical proﬁles at 30◦ W
(bottom) with the principal component of the EOF time series of SLP in the North Atlantic sector for gaseous tracers (left) and soluble
aerosols (right) emitted from Europe. White dashed contour lines indicate the local 95% level of signiﬁcance.
northwardtransportoverthenorthernpartsofEuropeanden-
hanced southward transport over the southern parts. The Eu-
ropean tracer is thus relatively depleted over central Europe,
as it is either carried towards southern Europe and northern
Africa (creating positive anomaliesthere) under theinﬂuence
of the Azores High, or to the Arctic under the inﬂuence of the
Icelandic low.
During conditions associated with the negative NAO
phase, conversely, the air is more stagnant over Central Eu-
rope allowing European pollutants to accumulate. The strong
negative anomaly over the western Atlantic is thus simply
an effect of reduced direct outﬂow of European air pollu-
tion to this region due to the enhanced north-south pressure
gradient and associated westerlies. In the vertical proﬁles,
a strong anti-correlation centred at 500hPa, with a vertical
extent from the surface to the tropopause region, is most
apparent for the gaseous CO tracer, along with a weak sur-
face correlation both at high and low latitudes. Interestingly,
the gaseous tracer anomalies are highly anti-correlated with
the NAO in the lowermost stratosphere at ∼200hPa, which
could be further investigated with an EMAC model version
of the middle atmosphere (J¨ ockel et al., 2006). There are
marked differences with the vertical proﬁle for water-soluble
aerosols, with a relatively strong correlation at tropical lati-
tudes, which we attribute to the inﬂuence of the NAO phase
and amplitude on the locations of high moisture and precipi-
tation. It should be emphasized that aerosol concentrations in
the upper troposphere are low, and even though the correla-
tions are signiﬁcant, the practical implications are of limited
relevance.
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4 Conclusions
A 50 yr tracer transport simulation with the EMAC model
was used to study the inﬂuence of the NAO on the distri-
bution of atmospheric pollution. Regionally tagged tracers
of carbon monoxide and water-soluble aerosols were emit-
ted using a ﬁxed emission climatology, taking into account
anthropogenic (fossil fuel, biofuel, aviation and shipping)
sources, natural sources and biomass burning. Removal
mechanisms were included based on oxidation of CO by the
OH radical and sedimentation and dry and wet deposition
of aerosols. The model simulation of the boreal winter NAO
spatialpatternwastestedagainstobservationsusingcommon
and established approaches. Good agreement with results re-
ported from observations was obtained throughout.
The NAO phase is related to pollution transport from
North America towards Europe, mostly in the free tropo-
sphere. The NAO is associated with stronger-than-average
westerlies across the middle latitudes of the Atlantic that
transport air pollution from North America towards Europe
and Northwestern Africa, similar to moisture transport.
The NAO exerts a clear inﬂuence on the atmospheric dis-
tribution of aerosol pollution. The NAO phase strongly af-
fects the magnitude and direction of moisture transport, in-
cluding water-soluble aerosols emitted in North America and
Europe, over the Atlantic Ocean. The NAO also affects the
location and extent of the spatial pattern of precipitation.
During high NAO index periods, drier than average condi-
tions occur over much of central and southern Europe, the
Mediterranean and parts of the Middle East, whereas more
precipitation than average falls over a region from Iceland
through Scandinavia (Hurrell, 1995). As precipitation is the
main mode of removal of water-soluble aerosols from the
atmosphere, the distribution of particulate pollutants, espe-
cially from Europe, is indirectly inﬂuenced by the NAO. The
response of the aerosols is relatively strong, as they are in-
ﬂuenced both by NAO-related transport and wet deposition
anomalies, whereas CO is unaffected by precipitation.
Hurrell (1995) concludes that decadal variability in the
NAO has become especially pronounced since 1950, with
unprecedented strongly positive index values since 1980. If
this trend persists, e.g. associated with climate change (In-
tergovernmental Panel on Climate Change, 2007), it can be
expected that in the future the NAO will have a growing in-
ﬂuenceonintercontinentalpollutiontransportbetweenNorth
America and Europe and from Europe towards the Arctic.
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